Abstract We report the results of an uncertainty decomposition analysis of the social cost of carbon as estimated by FUND, a model that has a more detailed representation of the economic impact of climate change than any other model. Some of the parameters particularly influence impacts in the short run whereas other parameters are important in the long run. Some parameters are influential in some regions only. Some parameters are known reasonably well, but others are not. Ethical values, such as the pure rate of time preference and the rate of risk aversion, therefore affect not only the social cost of carbon, but also the importance of the parameters that determine its value. Some parameters, however, are consistently important: cooling energy demand, migration, climate sensitivity, and agriculture. The last two are subject to a large research effort, but the first two are not.
climate change. Because the initial values to be used for the year 1950 cannot be approximated very well, both physical and monetized impacts of climate change tend to be misrepresented in the first few decades of the model runs. 3 The centuries after the 21 st are included to assess the long-term implications of climate change. 4 
Scenarios and climate module
The scenarios are defined by the rates of population growth, economic growth, autonomous energy efficiency improvements as well as the rate of decarbonization of the energy use (autonomous carbon efficiency improvements), and emissions of carbon dioxide from land use change, methane and nitrous oxide. The scenarios of economic and population growth are perturbed by the impact of climatic change. The scenarios of economic and population growth and autonomous energy efficiency improvements, decarbonisation and emission from land use change are modelled as uncertain in probabilistic runs. Market impacts are a deadweight loss to the economy. Population decreases with increasing climate change related deaths that result from changes in heat stress, cold stress, malaria, and storms. Heat and cold stress are assumed to have an effect only on the elderly, non-reproductive population. In contrast, the other sources of mortality also affect the reproductive population. Heat stress only affects the urban population. The share of the urban population among the total population is based on the World Resources Databases (http://earthtrends.wri.org). It is extrapolated based on the statistical relationship between urbanization and per capita income, which are estimated from a cross-section of countries in 1995.
5 6 Climate-induced migration between the regions of the world also causes the population sizes to change. Immigrants are assumed to assimilate immediately and completely with the respective host population.
The endogenous parts of FUND consist of the atmospheric concentrations of carbon dioxide, methane, nitrous oxide and sulphur hexafluoride, the global mean temperature, the impact of carbon dioxide emission reductions on the economy and on emissions, and the impact of the damages to the economy and the population caused by climate change. Methane and nitrous oxide are taken up in the atmosphere, and then geometrically depleted. The atmospheric concentration of carbon dioxide, measured in parts per million by volume, is represented by the five-box model (Hammitt et al. 1992; Maier-Reimer and Hasselmann 1987) . The model also contains sulphur emissions (Tol 2006) .
The radiative forcing of carbon dioxide, methane, nitrous oxide, sulphur hexafluoride and sulphur aerosols is as in the IPCC (Ramaswamy et al. 2001) . The global mean temperature T is governed by a geometric build-up to its equilibrium (determined by the radiative forcing RF), with a best guess e-folding time of 66 years. The e-folding time is quadratic in the climate sensitivity in probabilistic runs. In the base case, the global mean temperature rises in equilibrium by 3.0°C for a doubling of carbon dioxide equivalents, for Monte Carlo runs the climate sensitivity is assigned a gamma distribution that is calibrated to match the range of uncertainty described in the literature as reviewed by the IPCC. Regional temperatures follow from multiplying the global mean temperature by a fixed factor, which corresponds to the spatial climate change pattern averaged over 14 General Circulation Models (Mendelsohn et al. 2000) . The dynamics of the global mean sea level are also geometric, with its equilibrium level determined by the temperature and an e-folding time of 500 years. Both temperature and sea level are calibrated to correspond to the best guess temperature and sea level for the IS92a scenario (Kattenberg et al. 1996) and are modelled as uncertain in probabilistic runs.
Impacts and damages
The climate impact module includes the following categories: agriculture, forestry, sea level rise, cardiovascular and respiratory disorders related to cold and heat stress, malaria, dengue fever, schistosomiasis, energy consumption, water resources, unmanaged ecosystems (Tol 2002a; Tol 2002b) , diarrhoea (Link and Tol 2004) , and tropical and extra tropical storms (Narita et al. 2009; Narita et al. 2010) . Climate change related damages can be attributed to either the rate of change (where damages are calibrated at 0.04°C/yr) or the level of change (with damage functions calibrated at 1.0°C). Damages from the rate of temperature change slowly fade, reflecting adaptation (Tol 2002b) . FUND is unique in its class of integrated assessment models by explicitly modeling changes in vulnerability (Tol 2002b) due to e.g. changes in socio economic circumstances. Adaptation is always assumed to be optimal (Mendelsohn 2012) , i.e. FUND's damage functions are calibrated to match studies that assume optimal adaptation and report residual damages and adaptation costs.
People can die prematurely due to climate change, or they can migrate because of sea level rise. Like all impacts of climate change in FUND, these effects are monetized. The value of a statistical life is set to be 200 times the annual per capita income. The resulting best guess value of a statistical life lies in the middle of the range of values in the literature (Cline 1992; Cropper et al. 2011) . The benchmark level and the income elasticity of the value of a statistical life are uncertain parameters in probabilistic runs and calibrated to span the range of estimates in the literature. The value of emigration is set to be 3 times the per capita income (Tol 1995) , the value of immigration is 40 % of the per capita income in the host region (Cline 1992) . Losses of dryland and wetlands due to sea level rise are modeled explicitly. The monetary value of a loss of one square kilometre of dryland was on average $4 million in OECD countries in 1990 (Fankhauser 1994) . Dryland value is assumed to be proportional to GDP per square kilometre. Wetland losses are valued at $2 million per square kilometre on average in the OECD in 1990 (Fankhauser 1994) . The wetland value is assumed to have logistic relation to per capita income. The level of coastal protection is based on an internal cost-benefit analysis that includes the value of additional wetland lost due to the construction of dikes and subsequent coastal squeeze.
Other impact categories, such as agriculture, forestry, energy, water, storm damage, and ecosystems, are directly expressed in monetary values without an first estimating impacts in 'natural' units (Tol 2002a) .
7 Impacts of climate change on energy consumption, agriculture, and cardiovascular and respiratory diseases explicitly recognize that there is a climatic optimum, which is determined by a variety of factors, including plant physiology and the behaviour of farmers (Tol 2002b ). Impacts are positive or negative depending on whether the actual climate conditions are moving closer to or away from that optimum climate. Impacts are larger if the initial climate conditions are further away from the optimum climate. The optimum climate is of importance with regard to the potential impacts. The actual impacts lag behind the potential impacts, depending on the speed of adaptation. The impacts of not being fully adapted to new climate conditions are always negative (Tol 2002b) .
The impacts of climate change on coastal zones, forestry, tropical and extratropical storm damage, unmanaged ecosystems, water resources, diarrhoea, malaria, dengue fever, and schistosomiasis are modelled as power functions. Impacts are either negative or positive with greater climate change, and they do not change sign (Tol 2002b ).
Vulnerability to a given climate change is a function of population growth, economic growth, and technological progress. Some systems are expected to become more vulnerable with increases in these factors, such as water resources (with population growth), heat-related disorders (with urbanization), and ecosystems and health (with higher per capita incomes). Other systems such as energy consumption (with technological progress), agriculture (with economic growth) and vector-and water-borne diseases (with improved health care) are projected to become less vulnerable at least over the long term (Tol 2002b) . The income elasticities (Tol 2002b ) are estimated from cross-sectional data or taken from the literature.
The social cost of carbon
We estimated the social cost of carbon, SCC, by computing the difference between damages along a business as usual path and those along a path with an incremental increase in emissions between 2010 and 2019. 89 The differences in damages are discounted back to the year 2010, and normalised by the difference in emissions. Because the estimate is at the margin, it is also a conceptually appropriate measure for the avoided damages from reducing emissions by one tonne. Ignoring uncertainty, the regional SCC is defined as: We assume a CRRA utility function Note that the social discount rate thus varies over time with economic growth, an approach taken by the vast majority of the literature on climate change economics that utilizes the ramsey rule or variants of it to determine the social discount rate.
We define the regional SCC by using regional consumption and population. We define the global SCC by using global consumption and population. We define the equity weighted SCC 10 as
For Pearce equity weights (Fankhauser et al. 1997 
The expected value of the social cost of carbon is defined as
where p l is the probability that the social cost of carbon is SCC l . When computing the expected social cost of carbon all parameters that are specified as uncertain in FUND are varied at the same time. Information on which parameters are uncertain in FUND and a list of their probability distributions can be found in Table MC in the model documentation at www.fund-model.org. The normative parameters pure rate of time preference and elasticity of marginal utility do not have probability density specified and are accordingly not varied when the expected social cost of carbon is computed. Instead, we present the expected social cost of carbon for different constant choices of these two parameters.
10 Equity weighted social cost of carbon estimates assume a strong distributional objective on the part of the planner implementing climate policy and thus are a departure from a standard cost-benefit framework that is based on efficiency considerations. Equity weighted social cost of carbon estimates are routinely reported by integrated assessment models (Anthoff et al. 2009a , Hope 2008 , Nordhaus 2011 . See Fankhauser et a. (1997) and Anthoff et al. (2009a) for more background on equity weights. 11 The damage functions in FUND are conceptually based on the willingness to pay concept and for the most part the income elasticity of the impacts is smaller than 1 (Anthoff and Tol 2012) , so that impacts in poorer regions are valued lower than impacts in richer regions, all else equal. Equity weights work in the opposite direction and give more weight to impacts in poor regions than in rich regions. If the income elasticity of the damages and the income elasticity of marginal utility η coincide the two effects just cancel out.
Experiments and methods

Experiments
The social cost of carbon is computed as the difference in the net present welfare induced by a small pulse of additional carbon dioxide emissions in the period 2010-2019. This gives a value in utils per tonne of carbon. This is transformed to dollars per tonne of carbon by the marginal value of consumption. This procedure depends on the specification of the welfare function and its parameters. For the pure rate of time preference, we consider 0.1 %, 1.0 % and 3.0 % per year, spanning a range of opinions. We assume that regional welfare is a CRRA function of average per capita consumption, with a rate of risk aversion of 1.0, 1.5 and 2.0, reflecting the range of estimates on the social rate of risk aversion. We show estimates of the regional social cost of carbon, ignoring impacts in the other parts of the world . We also show global estimates. We first evaluate Equation (1) for global average consumption, assuming away all distributional effects. We then use a utilitarian welfare function, aggregating regional welfare, and converting welfare to consumption using the average per capita consumption in the world -we refer to this as Pearce equity weights (Fankhauser et al. 1997 ). Finally, we evaluate the social cost of carbon using the average per capita consumption in each of the 16 regions -we refer to this as Anthoff equity weights (Anthoff et al. 2009a ).
Methods
We use two alternative methods to assess the impact of parameter uncertainty on the uncertainty about the social cost of carbon. Both methods rely on Monte Carlo analysis. First, we compute the correlation coefficient between the individual inputs (parameters) and the output (social cost of carbon). Second, we run a regression of the inputs on the outputs and compute the standardized regression coefficients. Both methods thus account for scale and allow for a ranking of the importance of the parameters. Both methods essentially linearize the model and therefore capture local sensitivities only -that is, they estimate the relative effect of a small change in a parameter on the social cost of carbon. However, the correlation coefficient measures the impact of a parameter with all other parameters assuming random values. The standardized regression coefficient measures the impact of a parameter with the impact of all other parameters removed. This is the theoretically preferred method of measuring impact, and we use it as our standard.
Results
We present the results in three different ways. First, we assess the "global" importance of parameters, focusing on the central welfare specifications. Second, we discuss the variation in parameter contribution between welfare specifications. Third, we analyze the variation in parameter contribution between regions. However, before we discuss the importance of particular parameters to the social cost of carbon, we first briefly discuss the social cost of carbon itself. Table 1 shows the expected value of the social cost of carbon (SCC) for three pure rates of time preference (ρ) and three rates of risk aversion (η) assuming away all income differences.
The social cost of carbon
For ρ=3 % and η=1, SCC=$10/tC, well in line with results published earlier. For lower pure rates of time preference, the social cost of carbon rises (Guo et al. 2006 ). For higher rates of risk aversion, the social cost of carbon falls, because its effect on the discount rate dominates its effect on the certainty equivalent (Anthoff et al. 2009b; Anthoff et al. 2009c; Hope 2008) . Table 2 shows the regional results for ρ=1 % and η=1.5. 12 In the first column, we show the expected social cost of carbon for each of the 16 regions, ignored the impacts in the 15 other regions. Two regions show a negative cost (i.e., a benefit), implying that if they would not care about the rest of the world, the optimal policy would be a carbon subsidy. The unweighted sum of the regional impacts is positive, however: $51/tC. This is shown in the second column. In the next two columns, we add equity weights, Pearce weights in the third column and Anthoff weights in the fourth. With Pearce equity weights, evaluating the distributional impacts from the perspective of a global planner, the social cost of carbon is $329/tC. With Anthoff equity weights, evaluating the impacts as a regional planner, the social cost of carbon range from $9/tC in the poorest region to $5,775/tC in the richest.
Both Table 1 and 2 show results for the global social cost of carbon. For ρ=1 % and η= 1.5, Table 1 shows $45/tC and Table 2 shows $51/tC. The reason for this difference is that the results in Table 1 assume complete global risk sharing, whereas the sum of regional social cost of carbon estimates does not. The risk premium is lower with full risk sharing and therefore the estimates in Table 1 are lower. Table 3 shows the 10 most important parameters according to the standardized regression coefficient and the correlation coefficient. The two measures roughly agree. The rank correlation is 98 %. Figure 1 plots both measures. Returning to Table 3, the top 10 parameters according to one measure are in the top 11 according to the other measure; the top 2 are identical; and the top 6 contain the same parameters. Figure 2 shows the 10 most important parameters according to the standardized regression coefficient. 13 The curvature of the demand for cooling energy is the most important parameter. For the best guess, energy demand increases with warming to the power 1.5. This parameter is poorly constrained because empirical evidence on air conditioning demand is limited. Cooling energy demand is an important impact Anthoff et al. (2009b) for a comprehensive sensitivity analysis with respect to different values for the pure rate of time preference rate and the rate of risk aversion. 13 The standardized regression coefficients are obtained by first standardizing all independent variables so that their variances are one, and then running a normal regression. The standardized regression coefficients consequently tell us by how many standard deviations the dependent variable will change for a one standard deviation change in a independent variable (Schroeder et al. 1986 ).
Base results
particularly since the base scenario has rapid economic growth in the tropics and subtropics. The benchmark impact estimate for cooling energy demand in China also features in the top 10 most important parameters. The income elasticity of cooling energy demand is in the top 10 according to the correlation coefficient. Benchmark agriculture CO2 fertilization (Japan and South Korea) 7 8
Income elasticity agriculture 8 9
AEEI growth (Australia and New Zealand) 9 7 Benchmark migration (Latin America to North Africa) 10 11
Agriculture linear level parameter (China and North Korea) 11 10 Climate sensitivity is the second most important variable. This is defined as the equilibrium warming of the lower atmosphere due to a doubling of the ambient concentration of carbon dioxide -climate sensitivity thus drives all impacts. There is a wide range of estimates of its value.
The curvature of the agricultural impact function in China is the third most important variable. This parameter determines how rapidly impacts escalate in a large and rapidly growing part of the world economy. The effect of carbon dioxide fertilization in Japan and South Korea ranks seventh, reflecting the high prices (due to market distortions) of food products in this part of the world. The income elasticity of the share of agriculture sector in the economy ranks eighths, further emphasizing the importance of agricultural impacts. This income elasticity governs the future importance of agriculture relative to the rest of the economy.
The remaining parameters in the top 10 relate to uncertainty to economic growth and migration due to sea level rise. The latter is an important impact in itself, but migration also affects population growth. The size of the population is one of the two inputs to welfare, per capita income (net of the impacts of climate change) being the other input. Table 4 shows the five most important parameters (according to the standardized regression coefficient) for various pure rates of time preference and rates of risk aversion.
Variations with welfare
The curvature of cooling energy and climate sensitivity are the two parameters that are ranked consistently as the two most important parameters, across all choices of pure Fig. 1 The relationship between the standardised regression coefficient and the correlation coefficient between the input parameter and the social cost of carbon for a 1 % pure rate of time preference and a 1.5 rate of risk aversion rate of time preference and rate of risk aversion analyzed in this paper. While their 90 % confidence intervals overlap in some of the specifications, they clearly dominate all lower ranked parameters due to no overlaps with their confidence intervals, with the Fig. 2 The ten most important parameters that determine the social cost of carbon and their standardised regression coefficient for a 1 % pure rate of time preference and a 1.5 rate of risk aversion. 90 % confidence intervals as error bars a Note that 90 % confidence intervals for some ranks overlap. For column one rank 1 and 2 are clearly identified, for column two rank 1 and 2 form a group that is clearly identified as top, for column three rank 1 is clearly identified, for column four rank 1 and 2 form a group that is clearly identified as top and for column five rank 1 and 2 are clearly identified exception of a pure rate of time preference of 3 % with a rate of risk aversion of 1.5, in which case the confidence intervals only allow a clear ranking of the curvature of cooling energy parameter. Table 5 shows the five most important parameters for each of the sixteen regions. The parameters identified in Table 3 return in Table 5 : cooling energy, climate sensitivity, agriculture.
Regional variations
But there are others parameters too that are important for certain regions but not globally. These mainly include uncertainty about regional economic growth. For global impacts these regional growth uncertainties to a large extend average out, but when looking at a region in isolation are an important factor.
In some of the poorer regions, health parameters are important, particularly diarrhea, malaria and cardiovascular diseases but also the value of mortality and morbidity. In Eastern Europe and the former Soviet Union, water resources are found to be important.
Discussion and conclusion
In this paper, we decompose the uncertainty about the social cost of carbon as estimated by the FUND model. The impact model in FUND is considerably more complex than in other integrated assessment models. Some parameters are important in the short run but not in the long run; some parameters are important to some regions but not to others; some parameters are more uncertain than others. Therefore, the pure rate of time preference and the rate of risk aversion not only determine the social cost of carbon, but also the parameters that affect its value. That said, some parameters are consistently important: cooling energy demand, climate sensitivity, and agriculture.
This has implications for research priorities. There is a large effort underway to estimate the climate sensitivity, i.e., the equilibrium warming due to a doubling of atmospheric carbon dioxide. The current results help to justify this effort. There is also a large research program, rightly so, on the impacts of climate change on agriculture.
However, the impact of climate change on energy demand has received less attention. Although there are an increasing number of case studies (Bessec and Fouquau 2008; Christenson et al. 2006; Considine 2000; Lee and Chiu 2011; Mansur et al. 2008; Moral-Carcedo and Vicéns-Otero 2005) , a synthesis is lacking -this could be forged with a relatively small effort. The impact of climate change on migration is not well-understood either (Barrios et al. 2006; Bates 2002; Kuentzel and Ramaswamy 2005; Reuveny 2007 ). Relationships are much more complex than in the case of energy demand, but an improved synthesis would increase our confidence in the estimates of the social cost of carbon. It should be noted that climate-change-induced migration implies endogenous population growth. The relevant state of the art in welfare theory (Blackorby et al. 2002; Blackorby and Donaldson 1984 ) has yet to be operationalized in climate economics.
Our results come with the usual caveats: modeling the impacts of climate change is an ongoing research area and many of the results of global studies like this one are based on extrapolation and incomplete studies. Other impacts are not represented in integrated assessment models but might turn out to be important, for example the effect of climate change on conflict and ocean acidification. Benchmark agriculture CO2 fertilization (Western Europe) [8] a The confidence intervals for the second parameter and lower don't allow a ranking
